We present new observations of trace gases in the stratosphere based on a cost-effective sampling technique that can access much higher altitudes than aircraft. The further development of this method now provides detection of species with abundances in the parts per trillion (ppt) range and below. We obtain mixing ratios for six gases (CFC-11, CFC-12, HCFC-22, H-1211, H-1301, and SF6), all of which are important for understanding stratospheric ozone depletion and circulation. After demonstrating the quality of the data through comparisons with ground-based records and aircraft-based observations we 25 combine them with the latter to demonstrate its potential. We first compare it with results from a global model driven by three widely used meteorological reanalyses. Secondly, we focus on CFC-11 as recent evidence has indicated renewed atmospheric emissions of that species relevant on a global scale. Because the stratosphere represents the main sink region for CFC-11, potential changes in stratospheric circulation and troposphere-stratosphere exchange fluxes have been identified as the largest source of uncertainty for the accurate quantification of such emissions. Our observations span over a decade (up until 2018) 30 2 and therefore cover the period of the slowdown of CFC-11 global mixing ratio decreases measured at the Earth's surface. The spatial and temporal coverage of the observations is insufficient for a global quantitative analysis, but we do find some trends that are in contrast with expectations; indicating that the stratosphere may have contributed to the slower concentration decline in recent years. Further investigating the reanalysis-driven model data we find that the required dynamical changes in the stratosphere required to explain the apparent change in tropospheric CFC-11 emissions after 2013 are possible, but with a very 35 high uncertainty range. This is partly caused by the high variability of mass flux from the stratosphere to the troposphere, especially at time scales of a few years, and partly by large differences between runs driven by different reanalysis products, none of which agree with our observations well enough for such a quantitative analysis.
linear regressions over time, including a weighting by the inverse uncertainties of the individual CFC mixing ratios. The bootstrapping algorithm was used again to ensure that the derived slope uncertainties were not underestimated and that 95 individual high or low points did not bias the slope estimates. Observation-based data were compared to model output from the Chemical Lagrangian Model of the Stratosphere (CLaMS, model configuration described in Pommrich et al., 2014) driven by three different meteorology reanalysis products, i.e. ERA-Interim, JRA-55, and MERRA-2 (Ploeger et al., 2019) . For more information on methods, calibrations, and modelling as well as additional data please see the Supplementary Information. 100
Observational data overview and comparisons
Our data are based on measurements of air samples collected in the upper troposphere and stratosphere of the northern hemisphere using aircraft and weather balloons between 2009 and 2018. Figure 1 shows the obtained mixing ratios alongside the northern hemispheric 'background' time series derived through the combination of observations at various ground-based stations within the National Oceanic and Atmospheric Administration Global Monitoring Division's Global Greenhouse Gas 105
Reference Network (NOAA/GMD GGGRN). It is apparent that both the aircraft and the balloon data follow the ground-based trends quite well for all six gases. Slightly enhanced mixing ratios can often be observed in the vicinity of the tropopause, mostly due to recent influences from regional emissions (Kloss et al., 2014 , Leedham Elvidge et al., 2015 , Oram et al., 2017 . This is especially pronounced in the research aircraft data from 2017, which belong to a campaign (Höpfner et al., 2019) exploring the atmospheric composition above the polluted Asian Monsoon region (Randel et al., 2010 , Vogel et al., 2019 . It 110 is however worth noting that most species' enhancements are not significantly higher than the combined measurement uncertainties, which demonstrates the importance of the consistency of the data sets and therefore the quality of the stratospheric record. Figure 1 also illustrates the much improved temporal density that AirCore observations have provided from 2016 onwards (in comparison to aircraft campaigns), especially at altitudes above 15 km which are out of the reach of all but a few research aircraft. 115 https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License. Figure 1 . Aircraft-and balloon-based mixing ratios of six halogenated trace gases in the upper troposphere and stratosphere as compared to the NOAA/GMD ground-based northern hemispheric GGGRN time series (https://www.esrl.noaa.gov/gmd/). HCFC-22 has a significant sink process in the troposphere and therefore exhibits stronger inner-hemispheric gradients. To illustrate that, we compare against the mid-latitude station at Mace Head, Ireland and the subtropical station at Mauna Loa, Hawaii. Lower mixing 120 ratios generally represent higher altitudes. The corresponding data including uncertainties can be found in the supplement.
In the stratosphere trace gases typically exhibit compact interspecies correlations (Schauffler et al., 2003 , Volk et al, 1997 , and some gases (such as SF6) can be utilised to derive average stratospheric transit times, which are more commonly known https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License.
as mean Ages of Air (AoA , Engel et al., 2009 , Ray et al., 2017 , Stiller et al., 2008 , Leedham Elvidge et al., 2018 . The 125 correlations between CFC-11 and CFC-12 as well as between CFC-11 and AoA derived from observations (see S1.2 for details) are shown in Figure 2 . Two things are apparent: firstly, this again demonstrates the consistency and quality of our data as similar correlations are observed for both aircraft-and AirCore-based mixing ratios over the entire range. Secondly, the correlations have not undergone a large shift in the last ten years. Correlations between trace gases are often driven by changes in tropospheric trends, as tropospheric air keeps "feeding" the stratosphere. A large shift in these correlations would therefore 130 not be expected as both CFC-11 and CFC-12 have experienced relatively small negative tropospheric trends in recent years (Montzka et al., 2018 , Rigby et al., 2019 . However, there are other factors that can change the correlations, namely changes in stratospheric chemistry and transport. The CFC-11-AoA correlation in particular would be affected if e.g. the main transport pathways and or times inside the stratosphere had changed. This possibility is investigated further below.
Comparisons with model data using different reanalyses 135
We first focus on a comparison of model simulations with the aircraft and AirCore data. Also shown in Figure 2 are data from simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS, McKenna et al., 2002 , Pommrich et al., 2014 .
The latter was driven alternatively by three commonly used meteorological reanalyses, i.e. ERA-Interim, JRA-55, and MERRA-2 (Dee et al., 2011 , Kobayashi et al., 2015 , Gelaro et al., 2017 . These newest available meteorological reanalysis datasets provide the best guess of the current state of the atmosphere. We use the differences between them to quantify the 140 uncertainty in our knowledge of the stratospheric circulation and its changes. The model was sampled at coordinates and times coinciding with those of the observations. Results from all three runs are similar to those from observations in the case of the correlation of CFC-11 with CFC-12. The CFC-11-AoA correlation in Figure 2 is a measure of the speed of the main stratospheric overturning circulation as it reflects, in an integrated way, the speed and pathway of trace gas transport through the stratosphere. Here, the model data for both ERA-Interim and JRA-55 remain close to the observed values throughout the 145 range. The MERRA-2-based data does however stand out producing higher transport times at similar stratospheric CFC-11 mixing ratios and an increasing discrepancy with increasing AoA. As noted by Ploeger et al. (2019) the MERRA-2 reanalysis has a slower stratospheric circulation, and our observational evidence strongly indicates that it is indeed too slow. This is a consistent feature, which is also apparent when comparing with MERRA-2-based data from before 2016 (not shown in Figure   2 ). The details of the causing mechanisms could be complex and are beyond the scope of this work. 150 https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License. Transport of the remainder of these gases to the poles is much slower than in the troposphere, and takes several years (Kida, 160 1983, Schmidt and Khedim, 1991) as is reflected in the CFC-11-AoA correlation in Figure 2 . In case of an acceleration of parts of the circulation, for which there have been observational indications (Bönisch et al., 2011 , Stiller et al., 2012 , that correlation should therefore shift. We consequently fitted the CFC-11-AoA correlation with a second or third order polynomial for each individual research aircraft and balloon flight and calculated the mixing ratio of CFC-11 after having spent, on average, one, two, three and four years in the stratosphere. Figure 3 shows examples of the trends at two of these residence times from 165 2009 to 2018, and the full data can be found in the supplement.
https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License. Table S3 .
While there is substantial variability we do find a positive trend (increases from 3 to 10 %) from 2009 to 2018 in all observationbased cases. The trends at an AoA of one and four years are not significantly positive, but the ones at two and three years are; 175 within 2.0 and 1.6 standard deviations of the slope uncertainties respectively (Figure 3 , Table S3 ). These stratospheric trends contrast the tropospheric trend of CFC-11 which has been negative throughout that period (~-6% in total, Figure 1) . While there is a certain lag time for air to reach our stratospheric observation points (i.e. 1, 2, 3, and 4 years on average), CFC-11 had been decreasing nearly linearly in the troposphere since the late 1990s. In turn this implies that changes in stratospheric circulation may indeed have played a substantial role in the recent changes to the tropospheric trend of CFC-11 as previously 180 suspected (Montzka et al., 2018) . The causes are not explicable with an integrated quantity such as AoA as the underlying distribution of stratospheric transit times cannot currently be inferred from trace gas observations.
For the other three gases that have sufficient measurement precisions for such an analysis (i.e. CFC-12, H-1211, and HCFC-22), we also find a picture that does not agree well with their tropospheric trends (Table S3 ). Both CFC-12 and H-1211 have been in decline in the troposphere since the mid-2000s and decreased by ~6 and ~20 % respectively between late 2009 and 185 late 2018 ( Figure 1) ; whereas tropospheric HCFC-22 mixing ratios have increased monotonously (and by ~25 % during our observation period) since its appearance in the atmosphere several decades ago, albeit with a recent slowdown. In contrast we find that CFC-12 decreased at all mean age surfaces, but not as much as in the troposphere (-0.9 to -4 %), HCFC-22 increased disproportionally by 30 to 38 %, and H-1211 decreased, but only at a mean age of one year (-9 %), while no significant change occurred at 2 years, and 9 to 22 % increases were observed at 3 and 4 years. For the latter three gases this unexpected behaviour 190 could be partly related to changes in tropospheric trends in the period leading up to 2009, as a significant part of the air at certain mean age levels is much older than the mean age itself. However, these effects should subside over the decade that our observations span, especially for H-1211, which is the shortest-lived gas of the four. In addition, CFC-11 should not be affected as it has been decreasing for much longer. The underlying mechanisms are likely complex. The only straight-forward possibility to generate positive CFC-11 trends in the stratosphere between 2009 and 2018 would be an increase in the air 195 fractions that have younger and older residence times than the inferred mean age. If the older air has already lost virtually all of the shorter-lived gases (H-1211 and CFC-11), but not the longer-lived ones (CFC-12 and HCFC-22), then an increase of its share should lead to a decrease of CFC-12 (but not necessarily HCFC-22 which is much longer-lived) without being accompanied by a decrease in H-1211 or CFC-11. To maintain a similar mean age, the younger fraction of the air would also need to have an increased share, leading to generally higher mixing ratios of all gases -and disproportionally so for HCFC-200 22 as it continues to increase. Such a change to the stratospheric transit time distributions could be considered as the simplest https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License. case that would qualitatively explain our observations. Much more complex changes are possible, but current observations, including the stratospheric part of reanalysis products, are not capable of resolving this riddle, at least not without making further assumptions that bring additional uncertainties.
The aforementioned possibility to at least partly explain such trends could include an acceleration of air mass transport through 205 the lower tropical stratosphere (i.e. below the main sink region of CFC-11) as for example CLaMS-ERA-Interim qualitatively shows over the relevant period ( Figure S15 ). However, when compared with ERA-Interim-based model data at the same transport times (Figure 3) , the model results show a different CFC-11 trend in the lower stratosphere. In fact the model-and observation-based trends at mean ages of one and two years do not agree within two standard deviations. This discrepancy is likely related to a known problem with ERA-Interim, which generally overestimates the speed of the circulation in that lower 210 stratospheric region (Dee et al., 2011 , Ploeger et al., 2012 . At larger mean ages we find better agreement between the observations and the model with the model data even reproducing the observed insignificant trend. JRA-55-based model trends are very similar to those from the ERA-Interim-based analysis whereas the MERRA-2 reanalysis shows larger differences to observations, both in terms of mixing ratios and trends (Table S3 , Figures S7-S13 ). The generally limited comparability of model and observations sheds some light on the ability of current reanalysis products to quantify structural changes in 215 stratospheric circulation patterns.
Mass flux estimates of CFC-11
Nevertheless we use the reanalysis-driven model data as the best available means to derive the downward mass flux of CFC-11 through the extra-tropical tropopause, i.e. the quantity describing how much CFC-11 is transported back to the troposphere.
Comparing the three simulations driven with three different reanalyses provides an estimate of uncertainty due to 220 representations of stratospheric circulation changes. A temporal increase of the stratosphere-to-troposphere mass flux could cause changes to the tropospheric trend of CFC-11, which would look like renewed emissions. The NOAA/GMD tropospheric time series of CFC-11 serves as the boundary condition to the model, and consequently in the absence of stratospheric changes the temporal trend of the mass flux should be similarly negative and of a similar magnitude. The model generally reflects this reasoning over longer time periods as can be seen in Figure 4 . We then follow the approach of Montzka et al. (2018) to 225 investigate whether the changes to the tropospheric trend around 2013 might partly be caused by more CFC-11 being transported back into the troposphere. For that purpose we split the data into two periods, before and after 2013. Independent on which definition of the tropopause is being used (see supplement for details), we find an increase in the mass flux of around 37 Gg/year after 2013 for CLaMS-ERA-Interim. This would explain 270 % of the observed slowdown of CFC-11 mixing ratios decreases after 2013 when comparing to the 13 ± 5 Gg/year emission increase inferred by Montzka et al. (2018) . At first 230 glance, this very high stratospheric contribution is not consistent with the findings of both Montzka et al (2018) and Rigby et al. (2019) , who estimated 40-60 % of the slowdown to belong to renewed emissions. However, the global stratosphere-totroposphere mass flux is very large compared to the amount of unexplained emissions and a direct quantitative comparison is https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License. not possible, as explained in the following. When repeating the same model run, but with an artificial tropospheric CFC-11 trend that continues to decrease linearly after 2013 the mass flux remains very similar to the reference simulation (difference 235 of < 0.6 Gg/year). This translates into a minor influence of recent tropospheric trend changes on these stratospheric fluxes therefore confirming that this signal is indeed driven by stratospheric changes in the ERA-Interim world. However, this pronounced turnaround in 2013 is not a consistent feature for all three reanalyses, as the JRA-55 run, despite producing such a similar picture in the correlation comparisons (Figure 2 (dashed). The red line originates from an ERA-Interim sensitivity run for which tropospheric CFC-11 was forced to continue to decrease at the same rate as before 2013. Shown in grey and on the right hand y-axis are the two corresponding time series of tropospheric CFC-11 mixing ratios. The annual average has been calculated by applying a 12 month running mean to the time series.
Conclusions
To summarise, we present new observations of six halogenated trace gases in the stratosphere obtained from applying a further 265 developed AirCore technology. These observations are consistent with ground-based measurements of the same species at remote locations. They compare well to aircraft-based observations, have good precisions, and offer a viable, low-cost method for directly observing ozone-depleting gases and circulation tracers in the stratosphere at enhanced temporal and spatial resolution. The derived mixing ratios and mean stratospheric residence times both from aircraft and AirCore data enable the assessment of the performance of the three most modern currently available meteorological reanalysis packages. The ERA-270
Interim-and JRA-55-derived model data compare better whereas the MERRA-2-based data exhibits distinctly slower transport through most of the region covered here.
From a further analysis of the observational data at certain stratospheric transport times we also find insignificant to positive trends (within one standard deviation) of CFC-11 mixing ratios in the lower stratosphere between 2009 and 2018 ranging from 3 to 10 %. This is surprising and in contrast to expectation from the tropospheric abundances, which have been decreasing by 275 about 6 % over that period. Similarly derived trends for CFC-12, HCFC-22, and H-1211 are also not in good agreement with their corresponding tropospheric trends. In a qualitative sense, and keeping in mind the regional nature of these measurements and the uncertainties related to the calculation of stratospheric transport times, this would point towards increasing mass fluxes of CFC-11 being transported back to the troposphere. Our observations therefore do support the hypothesis of new emissions being lower than expected from tropospheric trends alone. More generally this is evidence towards a significant and time-280 dependent role of the stratosphere in the modulation of tropospheric trends of trace gases. However, any further quantification of the stratospheric part of the CFC-11 story is prevented firstly by the non-global and intermittent nature of sufficiently precise observations as well as their limited comparability to model/reanalysis results; secondly by the variability of the CFC-11 stratosphere-to-troposphere mass flux influenced by e.g. QBO, ENSO, volcanic eruptions and also stratospheric transport changes as indicated by the observed trace gas trends on AoA surfaces; and thirdly by the large differences between results 285 from different current meteorological reanalyses; with the quality of the latter currently being the main limitation to refining such calculations.
Finally, our observations span ten years, which is a short time in comparison to the long-term climate-change driven stratospheric circulation changes expected from global models, which are on the order of decades (Polvani et al., 2018) . Our data however demonstrate the capabilities of the AirCore observations to increase data coverage and better constrain such 290 changes on various time scales. https://doi.org/10.5194/acp-2020-62 Preprint. Discussion started: 14 February 2020 c Author(s) 2020. CC BY 4.0 License.
